mosome abnormalities, such as +8 or +21, have been
Introduction to exposure to benzene, they are not useful in discriminating between de novo and secondary AML. 17 Chronic exposure to benzene at high concentrations can More recently, a distinct pattern of secondary AML has been result in bone marrow toxicity and is associated with the observed following therapy with drugs targeting DNA-topoisodevelopment of a variety of blood dyscrasias including lymmerase II. The pattern of AML developing as a consequence phocytopenia, thrombocytopenia, pancytopenia, and aplastic of exposure to these agents, examples of which include etopoanemia.
1,2 Some individuals so exposed develop myelodysside and teniposide, includes the notable absence of a preleuplastic syndrome (MDS) that can ultimately progress into acute myelogenous leukemia (AML). AML and its subtypes kemic phase, frequent presentation of an M3 subtype and bal-(primarily M1, M2, M4 or M6) are the most frequent maliganced chromosome aberrations involving bands 3q26, 11q23 nant neoplasms associated with chronic exposure to benzene and 21q22. 18 Although it has been hypothesized that benzene or alkylating chemotherapeutic agents. 3 Despite a great deal metabolites may interfere with topoisomerase II, 19 the pattern of effort devoted to the characterization of potential DNA of chromosome aberrations typically associated with inhiadducts of benzene, there is little chemical or biologic evibition of this enzyme has not been observed in occupationally dence to suggest a critical role for DNA alkylation in the exposed populations. development of benzene-induced AML. 4 However, consistent The pattern of recurring chromosome abnormalities assowith an early role for structural chromosome alterations ciated with the development of leukemia can be used as a involving altered cytokine regulation, benzene and its metabguide in understanding the etiology and pathogenesis of these olites are clastogenic, causing micronuclei, aneuploidy and diseases. Therefore, we investigated whether the benzene non-dysjunctional events. [5] [6] [7] The quinone metabolites of benmetabolite, hydroquinone (HQ), could induce loss of chromozene are particularly potent disrupters of microtubule some 5 and/or 7 and/or gain of chromosome 8 in a human assembly, interfering with spindle formation during mitosis. 8, 9 lymphoblast cell line in vitro. Using fluorescence in situ Analysis of the specific pattern of cytogenetic involvement in hybridization (FISH) with chromosome-specific 5, 7 and 8 AML developing secondary to benzene exposure is compliprobes we demonstrate that HQ induces monosomy 5, 7 and cated by the ambiguities commonly associated with the 8 at concentrations compatible with cell survival and may be characterization of exposure in occupational and retrospecresponsible for early genetic events leading to benzenetive studies. Issues related to the specificity and intensity of induced MDS/AML.
Materials and methods
hybridized with cosmid probes were washed in 2 × SSC at 72°C for 5 min. Detection was performed at 37°C using: (1) FITC-avidin and rhodamine antidigoxigenin for 30 min; (2)
Cell culture and hydroquinone exposure rabbit anti-sheep antibody for 30 min; (3) rhodamine anti-rabbit antibody for 30 min; (4) biotinylated anti-avidin for 20 min; All cytogenetic studies used the human lymphoblastoid cell line GM09948 (Coriell Cell Repository, Camden, NJ, USA) (5) FITC avidin antibody for 20 min. All reagents used for detection were manufactured by Oncor. Each incubation was cultured in RPMI-1640 containing 15% fetal bovine serum, 2 mm l-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin followed by three 5 min washes in 0.1 m Tris-HCl pH 7.5, 0.15 m NaCl, 0.05% Tween 20 at 37°C. Slides were then (Life Technologies, Grand Island, NY, USA). The GM09948 cell line was thawed fresh for each experiment and not culwashed in PBS, dehydrated in an ethanol series, air dried and counterstained with 30 l of a 0.1% DAPI (4′,6-diamino-2-tured for more than 3 weeks. This cell line was used since it has a normal and stable karyotype. For each experiment, cells phenylindole) solution in DABCO antifade. Analyses were performed using single band-pass filters for DAPI, Texas red, were seeded at 0.6 × 10 6 /ml and chemical treatments added and mixed with cells 24 h later. HQ was dissolved in phosand FITC, and triple band pass filter Texas Red/FITC/DAPI (Chroma, Brattleboro, VT, USA) with approximately phate buffered saline (PBS) immediately before use and control cultures were exposed to PBS only. An additional 5 ml of 1000 ± 200 cells scored for each experiment from coded slides. Hybridization regions appearing as doublets (which complete medium was added at 28 h after initiation. Cultures were harvested for FISH analysis 48 h after initiation and 0.02 could represent the target region in sister chromatids) were scored as one hybridization domain. g/ml colchicine was added 1 h prior to final harvest. The cultures were randomly numbered for slide preparation and FISH analysis. Each experiment included several treatment controls: a negative control (PBS only) and two positive conStatistical analysis trols (0.5 g/ml mitomycin C and 0.02 g/ml colchicine). The colchicine was washed out after 4 h of exposure. All other Linear regression analyses were performed on the raw data and the 95% confidence band calculated for each data set 21 treatments remained in the flasks for the duration of the experiment. using SAS 6.12 (SAS Institute, Cary, NC, USA). Slopes and intercepts were tested and compared using standard t-tests. Concepts of 'inverse regression' were used to estimate a 'minimal significant dose' for detecting a dose response under the Fluorescence in situ hybridization experimental conditions used. 21 FISH analyses were performed in interphase cells after hybridization. Four probes were used: (1) alpha-satellite DNA specific for chromosome 7 (D7Z1) digoxigenin labeled; (2) Results alpha-satellite DNA specific for chromosome 8 (D8Z2) biotinlabeled; (3) 5p15.2 (D5S23) probe biotin-labeled; and (4) HQ-induced loss of chromosome 5q31-, 7-and 8-specific probe hybridization 5q31 probe digoxigenin-labeled (all from Oncor, Gaithersburg, MD, USA). The hybridization procedure was performed by this laboratory as described. 20 Briefly, slides were prepared FISH analysis was performed following a single exposure of PBS or 5 to 75 m HQ on GM09948 cells using a DNA for each cell suspension and stored at room temperature in a desiccator. Specimens were digested with 100 g/ml RNase sequence-specific probe for human chromosome 5q31 or alpha-satellite DNA-specific probes for chromosomes 7 or 8. A in 2 × saline sodium citrate (SSC) (0.3 m NaCl, 0.03 m sodium citrate) (pH 7.0) at 37°C for 1 h, and with pepsin Approximately 1000 cells were counted in each of three experiments for all DNA probes. Using the number of cells (0.01% in 0.01 m HCl for 5 min at 37°C. Slides were then post-fixed in 4% formaldehyde in PBS at 37°C for 10 min, per thousand with one signal as the basic analysis unit and the concentration of HQ as the independent variable, linear washed in PBS, dehydrated in ethanol series, and denatured in 70% formamide/2 × SSC for 2. min at 70°C. Probes were regression lines were fitted to each of the three data sets. Figure 1 shows the raw data, fitted line, and the 95% confidence prepared following the manufacturer's instructions. For dual FISH analysis, the chromosome 7 alpha-satellite digoxigeninbands for the fitted line (dotted line) for each probe. The estimates of slopes ranged from 0.65 to 0.72, each being statistilabeled probe was combined with chromosome 8 alpha-satellite biotin-labeled and the chromosome 5p15 cosmid biotincally significantly different from zero which indicates a doseresponse relationship between HQ and the loss of one labeled probe was combined with chromosome 5q31 cosmid digoxigenin-labeled probe. Briefly, 1.5 l of each alpha-satehybridization signal. In addition, the slopes were not significantly different from each other. The HQ concentration at llite probe was combined with 30 l of Hybrisol VI (65% formamide/2 × SSC) in a microcentrifuge tube and vortexed which the lower limit of the 95% confidence band is equal to the upper limit of the unexposed cells is a point estimate gently to mix. Probe solution was then denatured for 5 min at 72°C, centrifuged for 2-3 s and placed on ice until used.
of the minimum dose of HQ that would produce a significant loss of one hybridization signal (shown by the arrow in Figure  The unique sequence probes were combined in equal proportion in a microcentrifuge tube, warmed at 37°C for 5 min 1) under these experimental conditions. These results show that 42 m, 49 m and 26 m HQ produce significant loss of and used immediately. Ten microliters of alpha-satellite and 15 l of cosmid probe solutions were placed on separate one hybridization signal for the 5q31-, chromosome 7-and chromosome 8-specific probes, respectively. The 95% confislides, covered with a 22 × 22 mm coverslip and sealed with rubber cement. Hybridization was performed for 20 h. After dence interval estimate for the true HQ concentration that would produce a significant loss of one hybridization signal hybridization, slides that were hybridized to alpha centromeric probes were consecutively washed in 50%
is shown as the shaded area. The upper limit of the 95% confidence interval for −7 (b) is slightly higher than the maximum formamide/2 × SSC and 2 × SSC, at 44°C for 15 min; slides HQ induces a linear dose-dependent loss of one hybridization signal in GM09948 cells using FISH analysis with (a) a DNA sequence-specific probe for human chromosome 5q31, or alpha-satellite DNA specific for human chromosomes (b) 7, or (c) 8. Cells were seeded at 0.6 ×10 6 /ml, 24 h later chemical treatments or PBS were added. Cultures were harvested for FISH analysis 48 h after initiation with 0.02 g/ml colchicine added 1 h prior to final harvest. The graphs contain raw data with regression lines and 95% confidence bands (dotted lines) showing one hybridization signal per 1000 cells of three separate experiments. The estimated minimum HQ concentration and its 95% confidence interval to cause a significant increase in loss of one signal is shown by the arrow and shaded box, respectively (see text).
HQ dose used in this study. Since the 95% confidence interDual FISH analysis using 5q31-and 5p15.2-specific probes vals for all probes overlap, there is no evidence to suggest a difference in HQ sensitivity between the probes. Cells that exhibited no hybridization signals were not included in the FISH analysis using a DNA sequence specific for human chromosome 5q31 is of particular interest because it includes the analyses. A summary of all hybridization signals recorded for these experiments is shown in Table 1 . The relatively low fresmallest commonly deleted region of chromosome 5 found in AML/MDS. 22-24 Deletions associated with 5q− in AML are quency of cells with zero or one hybridization signal in the control (PBS) group suggests that the FISH procedure did not usually interstitial without translocation of the deleted material. 25, 26 To determine whether loss of 5q31 probe signal bias for loss of signal. shown in Figure 1a was due to an interstitial deletion or the loss of chromosome 5, dual FISH analysis was performed for using a DNA probe specific for 5q31 and 5p15.2. Regression analysis of three experiments show that both the intercept and slope are not statistical significantly different between two lines (Figure 2 ). These results suggest that both come from the same cell population. This agrees with the FISH analysis showing that the loss of one 5q31 and one 5p15.2 hybridization predominately occur in the same cell (Figure 2b ). Together these results suggest that one copy of chromosome 5 is more frequently lost rather than an interstitial deletion. However, loss of one 5q31 signal and retention of two 5p15.2 hybridization signals is observed at twice background levels at 50 m HQ (Figures 2b and 3) .
Figure 3
Interphase nuclei exhibiting 5q31 (red) and 5p15.2 (green) hybridization signals using FISH on cells exposed to 50 m HQ. One nucleus shows the −5q31 deletion that is the smallest commonly deleted region of chromosome 5 found in AML/MDS.
22-24
Hyperploidy was not induced by HQ For all probes, 7, 5q31, 5p15.2 and 8, there was no significant dose-related increase in the number of cells with three or more signals that would indicate hyperploidy (5q31, 7 and 8 shown in Table 1 ). This is particularly noteworthy with respect to chromosome 8 since trisomy 8 has been observed to be increased in either exposed or non-exposed populations depending on the study. [10] [11] [12] 16 The cells observed with four signals (0.5-0.9%) reflect the frequency of tetraploidy and is comparable to previous FISH studies using lymphocytes (0.0-1.1%). 27 There were no cells observed with more than four signals, since hybridization regions appearing as doublets (which could represent the target region in sister chromatids) or diffuse signals were scored as one hybridization domain.
HQ-induced multiple chromosome loss

Figure 2
HQ induces a linear dose-dependent loss of 5q31-and Dual FISH analysis was performed following 5 to 75 m HQ 5p15.2-specific hybridization regions using dual FISH. Cells were seeded at 0.6 × 10 number of distinct intermediate stages before a frank malignancy develops. Since that time, a variety of independent observations have emerged to support the conclusion that cancer is an evolutionary process in which multiple events involving independent genetic alterations, together with epigenetic or environmental factors, contribute to the development of the full malignant phenotype. 29,30 Leukemia development has long been thought to be a multistep process. We have recently proposed a multistep model for benzeneinduced AML that involves progressive dysplastic changes, accompanied by a distinct pattern of clonal cytogenetic abnormalities in appropriate hematopoietic target cells. 31, 32 In this model, altered proliferation accompanied by genetic damage leads to progressive selection, giving rise to subsequent genetic events and evolution of a leukemic hematopoietic progenitor cell clone. In addition to its potential to induce to GM-CSF that is normally unresponsive to the cytokine. 31, 33 0.02 g/ml colchicine added 1 h prior to the final harvest.
This effectively increases the size of the proliferating myeloid progenitor cell pool that may be susceptible to genetic damage. A concentration-dependent increase in apoptosis has Figures 1, 2 and 4 suggest that HQ probably induces loss of other chromosomes as well.
been observed in HL60 cells and in CD34 + human bone marrow cells following treatment with HQ with exposure to 75 m resulting in approximately a 50% loss of cells after 12 h. 34 Apoptosis would be a predictable consequence of an increase Discussion in the frequency of multiple chromosome loss which was observed at higher concentrations of HQ. Progenitor cells surThese results demonstrate that HQ, a principle metabolite of benzene, is capable of producing the genetic alterations (ie viving HQ exposure would be expected to include a high proportion of cells exhibiting minimal numerical loss of chromomonosomy 5 and/or 7) that are associated with early events in benzene-induced AML. These results are consistent with somes. The capacity of HQ simultaneously to stimulate division of potential target cells and produce relevant cyto-HQ being a potent disrupter of microtubule assembly and interfering with spindle formation during mitosis. 8, 9 genetic damage at overlapping concentrations suggests that this compound may play a unique role in benzene The dose of HQ necessary to induce chromosome loss in these experiments is consistent with or slightly lower than leukemogenesis. those reported for other cytogenetic abnormalities. Using lymphocytes stimulated with 1.5% phytohemagglutinin from a donor that 'had previously been shown to be sensitive to the Acknowledgements chromosome-damaging effects of hydroquinone', Eastmond et al 6 reported that HQ induces hyperploidy for chromosomes This publication was made possible by grant number ES06258 1, 7 and 9 at doses of 75 to 100 m and hypoploidy for chrofrom the National Institute of Environmental Health Sciences, mosome 9. In our system, 100 m HQ induced excessive cell NIH, and its contents are solely the responsibility of the damage which precluded the possibility of FISH analysis. The authors and do not necessarily represent the official views of relative magnitude of HQ-induced hypoploidy of chromothe NIEHS, NIH. This work was also supported by the Universome 9 reported by Eastmond et al 6 was obscured due to the sity of Colorado Cancer Center Core grant P30 CA46934. We relatively high background of signal loss in control (88/1000 thank Laura Ann Miller and Cathy Morse for their technical cells at 0 m HQ) compared to exposed cells (141/1000 at assistance and Drs Philip Archer and Zhaoxing Pan of the 125 m HQ). Limitations associated with the use of FISH for Biostatistics Core of the Cancer Center of the University of the detection of aneuploidy have been reviewed, and it is recColorado Health Sciences Center for their assistance. ommended that studies with signal loss of 15% or more in unexposed control cells should be treated with caution. 27 The highest background for signal loss in these studies was 3.1% References for the PBS sample using the 5q31 probe (add the 0 and 1 hybridization signal values in Table 1 ). The frequency of HQ- development in which a normal cell must pass through a
